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The functions of the microbial ecosystems are closely related to the spatial structures formed by 
microbial communities. Yet, it is not well understood what determines, controls and regulates the 
spatial dynamics of microbial populations. In this study, we use synthetic microbial consortia as 
our experimental models, to explore the factors contributing to the microbial populations’ spatial 
dynamics, owing to their great controllability and reduced system complexity compared to native 
existing ecosystems. Upon a systematic investigation on the relationship between the microbial 
spatial structures and factors influencing their spatial dynamics, we found that interaction 
topologies and horizontal gene transfers drive the spatial structure formations of bacterial 
communities. Spatial interaction scales, growth rates and antibiotic selection forces are other 
modulators that affect the spatial structures. Our results confirm social interactions and 
horizontal gene transfers as two key determinants of the microbial spatial dynamics, providing 
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                                            CHAPTER 1: INTRODUCTION 
 
Microbial communities are groups of microorganisms that share a common living space. They 
play a vital role in all living systems, in a way we are just beginning to understand. They are 
everywhere on earth, performing ecosystem functions that impact plants, animals and humans. 
[1] Within a bacterial community cells of different species are not homogenously distributed, 
instead they exist with spatial organization, forming highly complex and dynamics communities. 
[2][3][4] Spatial structures of microbial communities can be observed as different kinds of 
biofilms in natural environment and also interesting structures, for example, rings and spiral 
vortexes in laboratory settings. [5][6][7][8][9] 
 
Microbial spatial structures are highly related to their functions, and thus worth investigating. 
Understanding why these structures form, and how to control and regulate these spatial dynamics 
would be extremely beneficial to researchers in the field of microbial ecology and engineering. 
Characteristics associated with these microbial spatial structures can be beneficial or harmful. 
For example, in GI tract, commensal strains localize on mucus, protecting host from pathogen 
invasion on epithelial cells. On teeth, bacteria community form biofilms, causing dental plaques 
that are hard to get rid of. [10] To elucidate the driven factors of the bacterial community’s 
spatial structure formation becomes necessary considering its close relevance to its functions.  
 
Microbial dynamics are driven by a multitude of complex interactions, between individual cells, 
among microbial populations, as well as by interactions with environment and host. [11][12] 
Interactions within microbial communities can be metabolic, for example, cross-feeding of 
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metabolic by-products, in which one population benefits from the excreted metabolites of 
another. [13] Another example is the production of ‘public goods’ by one species but could also 
be used by cheater species that does not produce the goods. [14] Upon interactions with the 
environment and host, determinants could be physical, when species compete for physical space 
and resources. Involving factors include morphology of the species, gradients of abiotic factors 
such as light or temperature, physical adhesion, motility and etc. [15] Driven factors of the 
microbial dynamics also include regulatory activities, for example, quorum sensing and 
inflammation of the host gut which regularly changes the microbial consortia composition, and 
so on. [16][17] 
 
Those factors are complex and interacting, creating microbial ecosystems with stunning 
dynamics. Among all of these driven factors, recently, two major driven factors, social 
interactions and horizontal gene transfers, have been increasingly recognized owe to their widely 
occurring nature and profound effects to the dynamics and functions of bacterial communities. 
 
Social interactions have a profound impact on the bacterial communities. Bacteria are single-cell 
organisms but have highly social activities, thereby exhibiting a wide spectrum of social 
behaviors. [20] Even for a simple ecosystem consisting of only two species, there are six 
possible distinct types of social interaction including neutralism, commensalism, amensalism, 
competition, mutualism, and parasitism. [21] The social interactions of bacteria determine the 
survival of individual cells and also enable the collective behaviors of populations, therefore 
significantly impacting the microbial spatial dynamics. For instance, even oral bacterial 
communities are maintained by two kinds of social interactions, competition and cooperation.  
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Through cooperation, oral bacteria co-aggregate to facilitate co-adhesion of bacterial pairs to the 
tooth surface, nutritional synergy to enable cell growth in saliva. [22][23] In addition, through 
another major social interaction, competition, oral bacteria maintain a balanced community 
structure, for example, through the production of peptide bacteriocins. [24] Like in the dental 
microbial consortium, these social interactions play important roles in maintaining biodiversity 
and homeostasis of ecosystems. [25][26] The complex and interesting nature of social 
interactions motivate us to ask the following question: How do bacterial social interactions 
impact the microbial spatial dynamics?  
 
Apart from social interactions, the horizontal gene transfer is also another interesting, widely 
occurring event that is worth investigating. Horizontal gene transfer is defined as the movement 
of genetic materials between distantly related organisms. [27] Any segment of DNA in a large 
bacterial population might have the opportunity to be horizontally transferred. However, only a 
minor proportion of the DNA transferred between species is likely to be maintained in the new 
host over generations. Horizontal gene transfer is largely involved in speciation and evolution 
history of creatures on the earth. [28][29][30] It also enables bacteria to acquire novel 
functionalities, for example antibiotic resistance, and facilitate the repair of DNA damage by 
using DNA from closely related species as templates. [31][32] A main challenge in microbial 
ecology research is the environmental, temporal and spatial population dynamics of horizontal 
gene transfer events and their long-term impact. Considering its novel mechanism for bacteria to 
acquire DNA from foreign species, and the spatiotemporal dynamics of horizontal gene transfer 
we are curious: How does horizontal gene transfer affect the formation of microbial spatial 
4 
 
structures? What would be the chemistry when horizontal gene transfer meets with range 
expansion? 
 
Directly studying the formation of spatial patterns of bacterial community in nature is 
challenging, due to the complexity of driven factors. An alternative approach is to use defined 
synthetic communities, constructed from known species. [33][34][35] Moreover, by constructing 
strains with synthetic gene circuits, researchers could create synthetic ecosystems with reduced 
complexity and enhanced amenability. Studies have demonstrated the potential to examine 
complex ecosystem dynamics with synthetic microbial communities. [36][37] Using synthetic 
biology as a powerful approach, it becomes possible to use synthetic ecosystems, in order to 
track the ecological and evolutionary dynamics of individual species within the community.  
 
Here, we use synthetic microbial consortia as models to elaborate the driven factors of microbial 
spatial dynamics. Particularly, we focused on two attributes, the social interactions of individuals 
and the horizontal gene transfer events. We first construct synthetic microbial ecosystems, with 
artificially created cell-cell interactions and specifically chosen members. We then employ the 
framework to conduct systematic studies on the relationship between the microbial spatial 
structures and factors influencing their spatial dynamics. Various conditions, such as, the 
interaction topologies, initial densities, growth rates, conjugation systems and the antibiotic 
selection forces are tested. Our study shows that, social interactions and horizontal gene transfers 
are two critical driven forces on microbial spatial dynamics, advancing our understanding of 
microbial spatial dynamics and providing insights into programming microbial ecosystems to 
achieve favorable functions.  
5 
 
CHAPTER 2: RESULTS 
 
Interaction Topology Determines the Spatial Structure of Microbial Consortium 
The social interactions of bacteria determine the survival of individual cells and also enable the 
collective behaviors of populations, establishing a stunning spectrum of behaviors. This 
motivates us to examine how social interaction topologies affect the spatial dynamics of bacterial 
communities. We began our investigation by programming social interactions with 
reconfiguration of modular biosynthesis pathways. Modular cluster reconfiguration is a powerful 
method for gene circuit engineering. [38] Utilizing the high modularity of native gene networks, 
we could program cells that form the basis of synthetic microbial consortia. In this study, we 
constructed a three-strain microbial consortium, with two kinds of social interactions, 
competition and cooperation, using the Lactococcin A (LcnA) and Lactococcin G (LcnG) 
biosynthesis pathways (Figure 2.1.A). [39][40]  
In this simplified three-strain synthetic consortium, there are three strains involved, A, B and K. 
K kills A and B, by antimicrobial peptide LcnA. A strain and B strain cooperate to produce 
antimicrobial peptide LcnG, which kills K strain. Specifically, K strain consists of the underlying 
biosynthesis pathway of LcnA. A strain and B strain both encompass the LcnG biosynthesis 
pathway of translocation and immunity modules. However, the LcnG precursor peptide 
production has been separated into two strains, with A strain producing LcnG arfa peptide and B 
strain producing LcnG beta peptide. Only when the arfa peptide released by A strain and beta 
peptide secreted by B strain bind to each other, a functional LcnG can be produced. Therefore, 
the cooperation social interaction between A strain and B strain has been established. A strain 
and B strain cooperate to produce LcnG which could compete with K strain that produces LcnA.  
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The survival of strains depends on the competition between K strain and A, B strain, as well as 
the cooperation between A strain and B strain. When there is a balanced competition and 
cooperation relationship in the microbial consortium, A, B, K could coexist. We conducted 
Whole Plate Experiments (Methods), and the oasis spatial patterns showed up (Figure 2.1.B). 
Imaging results showed colocalization and segregation of populations. Since A strain has the 
kate2 gene, A cells exhibit red fluorescence. B strain has the gfp gene, therefore shines green. 
When A and B co-localize, the area is observed as yellow color under LAS4010 gel imager. K 
strain does not produce fluorescence proteins so that it is observed as gray color cells. A more 
detailed image of the oasis pattern microbial spatial structure showed the segregation region 
between the yellow-color oasis region and gray-color K region, where no cell grows (Figure 
2.1.C).  When A and B localize close to each other, arfa peptide and beta peptide have a higher 
change to bind to each other, therefore producing more amounts of bacteriocin LcnG to compete 
with K. In contrast, if A strains and B strains get isolated from each other, they will quickly be 
wiped out by K strains. The segregation region might be where fierce battle happens, and two 
armies cannot step one step further, otherwise they will be killed. Spontaneously, species in the 
microbial community divide their habitat due to social interactions, competition and cooperation, 
in this study. This simple synthetic microbial consortium is an example showing how the fitness 




















Figure 2.1 Oasis spatial patterns arising from a synthetic three-strain microbial 
consortium. (A) Illustration of the three-strain synthetic consortium, in which two kinds of 
social interactions, cooperation and competition, exist. A strain and B strain cooperate to produce 
Lactococcin G that kills K strain. While K strain competes with A strain and B strain by 
releasing Lactococcin A. (B) A whole plate image example result showing the oasis spatial 
patterns formed by the consortium introduced in Figure 2.1.A. The diameter of the petri dish is 
100 mm. (C) A detailed microscope image of the plate shown in Figure 2.1.B, the specific area 
as marked in black on the plate. Colocalization of A strains and B strains as well as surrounding 











To further confirm the oasis pattern spatial dynamics as observed (Figure 2.1), we created 
another three synthetic microbial consortia as controls (Figure 2.2). The functional modularity of 
the biosynthesis pathways allowed us to rapidly generate different social interactions through the 
alteration of module combinations. Specifically, we were able to create another three types of 
synthetic microbial consortia using the previous gene circuits as base, however deleting specific 
genes. The gene encoding beta peptide was deleted from B strain to construct B’. The precursor 
gene encoding LcnA was deleted from K strain to construct K’. In the previous system of A, B 
and K, there exist both cooperation and competition interactions. In the A, B’, K synthetic 
microbial consortium (Figure 2.2.A) however, A strain and B’ strain can no longer cooperate to 
produce LcnG, therefore A strains and B’ strains were completely killed by K strains during 
Whole Plate Experiments (Methods). Shown in Figure 2.2.B and C, only gray color K strains 
dominate the plates, with no appearance of A and B’ strains. When the bacterial community’s 
member switch to A, B and K’ (Figure 2.2.D), since K’ can no longer produce LcnA, but at the 
same time, A and B still cooperate to produce LcnG, all K’ strains got killed during Whole Plate 
Experiments. As shown in Figure 2.2. E, F, there are only red and green cells on the agar plate, 
indicating the survival of A and B strains, with K’ strains no longer exist. The last consortium is 
composed of A, B’ and K’ (Figure 2.2.G). No functional bacteriocin is produced anymore, 
therefore, A, B’, K’ exist in neutralism. Results (Figure 2.2. H, I) show the coexistence of three 
strains. The distinct spatial dynamics formed by different microbial consortia demonstrate that 
social interaction topology is a key factor controlling the formation of microbial community 














Figure 2.2 Interaction Topology Drives the Spatial Structures of Bacterial Communities. 
The distinct spatial dynamics formed by different microbial consortia demonstrate that 
interaction topology is a key driven factor. (A) Illustration of K strain killing A strain and B’ 
strain, while A strain and B’ strain cannot cooperate to kill K strain. (B) An example whole plate 
experiment image result of the interaction topology described Figure 2.2.A. K dominates the 
entire plate, while A and B both get killed, due to the fact that only K can produce functional 
bacteriocin. (C) Microscope image of the plate shown in Figure 2.2.B. There are only K cells on 
the plate.  (D) Illustration of A strain and B strain cooperating to kill K’ strain, while K’ strain 
does not secrete toxin to kill A strain and B strain. (E) Under interaction topology described in 
Figure 2.2.D, A and B strains conquer the plate by producing LcnG to kill K’ strain. (F) 
Microscope image of the plate shown in Figure 2.2.E. (G) Illustration of no social interaction 
among A strain, B’ strain and K’ strain. (H) Under social interaction topology described in 
Figure 2.2.G, A strain, B’ strain and K’ strain coexist. (I) Microscope image of the plate shown 











Factors Influencing the Bacterial Spatial Structure Formation 
As social interactions profoundly affect spatial structure formation of bacterial communities, we 
are curious how the spatial scales of interactions would further influence the spatial dynamics. 
Based on one of the synthetic microbial consortia we created (Figure 2.1), we further perturbed 
the spatial interaction scales, specifically, the initial seeding density of strains, to study its 
influence on the spatial dynamics of the microbial consortium. By changing the initial seeding 
density, we are able to alter the initial cell-cell distances. This will also change the size of 
interacting populations and spatial interactions scales. Initial seeding density has long been 
recognized as a driven factor of bacterial communities’ spatial organization, also due to the 
found takes all effect.  
By decreasing the initial OD from 1 to 10E-6, we observed dramatic changes in the spatial 
dynamics of the same bacterial consortium (Figure 2.3). The particular cooperation mechanism 
of A and B strains determines that when A and B strains are closer to each other, the peptides 
they produced are easier to bind to form functional bacteriocin. In the high OD condition 
(OD=1), the whole plate image is yellow, indicating the survival of A and B strains surpassing 
the survival of K strains. When decreasing the initial OD to 10E-3, oasis pattern shows up again, 
due to the decrease in initial cell-cell distances as well as the size of interacting populations. If 
decreasing the initial OD to 10E-6, another interesting scenario appears. When all cells have 
initial cell-cell distances too far from each other, no bacteriocin or precursor peptides could reach 
to operate, therefore A, B, K strains coexist in harmony. This experiment shows that the spatial 
dynamics of the microbial community is a combinatorial effect of interaction topology and other 












Figure 2.3 Spatial Interaction Scales as Influencing Factors on Bacterial Spatial Structure 
Formation. By decreasing the initial OD from 1 to 10E-6, we observed drastic differences of the 
spatial dynamics for the same bacterial consortium (Figure 2.1). In high OD condition (OD=1), 
the whole plate yellow color image indicates the survival of A and B strains surpassing the 
survival of K strains. At initial OD = 10E-3, the competition and cooperation strength are 
regulated to a certain extent for three strains to coexist showing oasis patterns. Further 
decreasing of the initial OD to 10E-6, since all cells have initial cell-cell distances too far from 
each other, no bacteriocin or precursor peptides could reach to kill, thus A, B, K strains coexist 







Decrease in Initial OD 
OD=1 OD=10E-3 OD=10E-6 
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Horizontal Gene Transfer Rules the Spatial Structure of Microbial Communities  
We next investigated into another dominating factor in the bacterial communities’ spatial 
dynamics, the horizontal gene transfer. Any segment of DNA in a large bacterial population 
might have the opportunity to be horizontally transferred. However, only a minor proportion of 
the DNA transferred between species is likely to be maintained in the new host over generations. 
The complex yet widely spread horizontal gene transfer activities therefore create stunning 
spectrum of dynamics, and are greatly involved in ecology, evolution aspects. [28][29][30] 
Conjugation is one of the major methods for horizontal gene transfer to occur in bacteria. The 
overall conjugation dynamics are determined by two components, the rate at which conjugation 
occurs and the subsequent growth of conjugants. [41] The novel mechanism of horizontal gene 
transfer events motivates us to further study how horizontal gene transfers are associated with the 
spatial dynamics of microbial consortia.  
We first tested this problem by using a synthetic microbial consortium from the You lab (Figure 
2.4.A). [41] There are three components in the consortium, donor strains, receiver strains and 
conjugant strains. In the donor strain, the helper H plasmid recognizes the oriT sequence on G 
plasmid and transfers the G plasmid to the receiver strain. The receiver strain containing the 
helper H plasmid then gets conjugated and turns into the conjugant strain which could also serve 
as a new donor. Plasmids in the donor strains contain gfp gene, and the receiver strains have rfp 
genes on its plasmid. Therefore, the conjugant strain contains both gfp and rfp features.  
We observed spatial dynamics of this conjugation consortium by Colony Range Expansion 
Experiments (Methods). Donor strains and receiver strains were mixed in 1:1 ratio, diluted to OD 
10E-4, dropped as a 1 microliter droplet on 1% LB agar plate, and imaged after 24 hours. During 
colony expansion, species grow in to sectors and experience genetic drift at expanding fronts. 
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[42] Those sectoring and genetic drift events are largely associated with where the conjugation 
could happen. A previous study shows that in spatial-structured populations, conjugations are 
suppressed because of the strong genetic drift which leads to spatial isolation of donors and 
receivers. [43] Consistent with our observation, instead of observing a whole colony of 
conjugant cells, we were only able to observe conjugation sections (shine in yellow) between 
donor cells (shine in green) and receiver cells (shine in red), as shown in Figure 2.4.B. This is 
due to both the conjugation efficiency and spatial isolations. We further picked individual cells 
from the conjugation region and observed under microscope to confirm conjugation. The 
individual cells were indeed shining in both green and red fluorescence under microscope, 

































Figure 2.4 A Synthetic Ecosystem with Horizontal Gene Transfer and its Representative 
Spatial Range Expansion. (A) Illustration showing the process of conjugation. In donor strain, 
the helper plasmid H recognizes the oriT sequence on the G plasmid, and then transfers the G 
plasmid to the receiver strain. The receiver strain which also contains the helper plasmid H now 
gets conjugated and turns into the conjugant strain which could also serve as a new donor. (B) A 
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Figure 2.4 (cont.) 
4, dropped as a 1 microliter droplet on 1% agar plate (with Tet), and imaged after 3 days. 
Overlay images, individual green and red channel images are shown. Donor strains shine green 
fluorescence, receiver strains shine red fluorescence and conjugant strains shine both green and 
red fluorescence. Therefore, conjugant strains are observed as yellow color under microscope, as 
shown, the yellow regions on the colony were where the conjugant strains presented. Scale bar: 
5mm. (C) Single cell images further confirmed that conjugation happened. Overlay images, 
individual green and red channel images are shown. Cells shine in both red and green 
















To further illustrate how bacterial spatial dynamics are regulated by horizontal gene transfers, we 
created another three variants of the conjugation system using different strains. (Figure 2.5) In all 
the conjugation systems created, the donor strains contain the H helper plasmid and the G 
transfer plasmid. Receiver strains consist of the H helper plasmid and the R plasmid. When G 
plasmids get transferred to the receiver strain, the receiver strains are transformed into the 
conjugant strains that contain H, G and R plasmids.  
In the first consortium (Figure 2.5.A), both donor and receiver strains were constructed from 
E.coli MG1655. In the second synthetic consortium (Figure 2.5.B), the donor strain was 
engineered using E.coli EPI300, and the receiver strain was built from E.coli MG1655. In the 
third bacterial consortium (Figure 2.5.C), the donor strain was constructed using E.coli MG1655, 
while receiver strain was built by E.coli EPI300. Within the last microbial consortium (Figure 
2.5.D), both the donor and receiver strains were formed by E.coli EPI300.  
Range Expansion Experiments were conducted. (Figure 2.6) Growth rate measurements show 
that E.coli MG1655 strains have a higher growth rate than E.coli EPI300 strains (Figure 2.7). 
Due to the difference in growth rates of the strains, four conjugation consortia exhibit different 
colony range expansion dynamics. The corresponding structures then further affect conjugation 
events. Conjugation can no longer happen when there is isolation of donor and receiver cells, as 
shown in Figure 2.6.B and C, the expanding fronts are dominated by only one species. In the 
case of Figure 2.6.B, conjugation genes are trapped in the center of the colony. Since they do not 
surf to the front, conjugation genes lose their chances to be further passed to other species. In the 
scenario shown in Figure 2.6.A and Figure 2.6.D, donor cells and receiver cells still grow in 
approximately same growth rates, therefore, we could visualize conjugation yellow sectors 












Figure 2.5 Four Variants of the Synthetic Microbial Conjugation Consortium. (A)(B)(C)(D) 
Illustration of the four kinds of conjugation systems constructed by different strains. In all the 
donor strains, the helper H plasmid recognizes the oriT sequence on the G plasmid, and then 
transfers the G plasmid to receiver strains. The receiver strain (with H and R plasmids) gets 
conjugated and transform into conjugant strain (with H, G and R plasmids) which could also 
serve as a new donor. (A) All strains are constructed from E.coli MG1655, therefore are motile, 
as shown by the flagella on the illustration. (B) Donor strains are constructed by E.coli EPI300, 
receiver and conjugant strains are E.coli MG1655. The donor strain is less motile than receiver 
strain and also has a slower growth rate. (C) The donor strain constructed by E.coli MG1655, the 
receiver strain and the conjugant strain are E.coli EPI300. The donor strain is more motile than 
receiver strain and also has a faster growth rate. (D) All strains are constructed from E.coli 
EPI300. Due to its weak motility, no flagella were drawn on the illustration. Fluorescence genes 
were integrated into the chromosomes of E.coli EPI300 strains. Red color illustration represents 



























Figure 2.6 Growth Rates as Modulators in Colony Range Expansion. Four conjugation 
consortia exhibit different colony range expansion dynamics, and the corresponding structures 
affect further conjugation events. Overlay images, green channel, red channel and brightfield 
channel images of colony range expansion structures. Donor strains and receiver strains are 
mixed in 1:1 ratio, diluted to OD 1, dropped as a 1 microliter droplet on 1% agar plate (with Tet), 
and imaged after 36 hours. (A) Colony structure formed by MG1655 strains. (B) Red MG1655 
strains occupy the outer range of the range expansion, due to have faster growth rates of the 
MG1655 receiver strains (with mcherry gene). Along with the green EPI300 donor cells, 
conjugation genes were trapped in the center of the colony. Since they do not surf to the front, 
they lose their chances to be further passed to other species. (C) Red EPI300 receiver strains 
only reside in the inside of the colony. Donor strains expressing green fluorescence proteins 










Figure 2.7 Growth Curves of All Six Strains Involved in the Horizontal Gene Transfer 
Microbial Ecosystems. Dash lines represent E.coli MG1655 strains, solid lines represent E.coli 
EPI300 strains. On the growth curve, three types of E.coli MG1655 strains and three types of 
E.coli EPI300 strains fall into two clusters. MG strains grow faster than EPI strains. Light green 
line represents MG+G(Kan)+H(Tet). Orange line represents MG+R(Cm)+H(Tet). Light blue line 
represents MG+G(Kan)+R(Cm)+H(Tet). Dark green line represents EPI-G+G(Kan)+H(Tet). 
Red line represents EPI-R+R(Cm)+H(Tet). Dark blue line represents EPI-

















Antibiotic Selection Forces and Colony Range Expansion Dynamics 
Horizontal gene transfer (HGT) is a main reason for the widely spread of antibiotic resistance. 
[44][45][46] Conversely, it has antibiotic-mediated selection can both promote and suppress 
conjugation dynamics. [41] We predict that antibiotic selection force can serve as another 
contributing factor of the spatial dynamics of microbial communities. To confirm the predictions, 
we conducted a series of range expansion experiments on our synthetic horizontal gene transfer 
microbial consortia by systematically varying the antibiotics (Methods). Using the four types of 
conjugation synthetic microbial consortia described in Figure 2.5, we tested three kinds of 
antibiotic conditions, namely, 1) with tetracycline + chloramphenicol, 2) with tetracycline + 
kanamycin, 3) with tetracycline + chloramphenicol + kanamycin. Our conjugation ecosystems 
provide powerful features to analyze antibiotic selection problems. Our donor cells are equipped 
with both tetracycline and kanamycin resistance genes. The receiver cells have tetracycline and 
chloramphenicol resistance genes. The conjugants are resistant to all three kinds of antibiotics. 
Experiment results confirmed that antibiotic selection forces regulate the formation of bacterial 
communities’ spatial structure patterns (Figure 2.8). Under conditions with two antibiotics 
(Tet+Cm or Tet+Kan), cells equipped with the corresponding antibiotic resistance were favored. 
Under Tet+Cm condition (Figure 2.8.A), survival of receiver cells was favored. On Tet+Kan 
agar plates (Figure 2.8.B), the growth of donor cells was favored. This might because no 
conjugant event succeeded before the one of the donor species or receiver species got killed. Or, 
the conjugant cells were too less to be directly detected. Based on the founder takes all effect, 
strains that are favored by their antibiotic resistance genes will quickly occupy the space. When 
supplemented with three kinds of antibiotics (Figure 2.8.C), we were excited to observe the 
appearance of conjugant cells on agar plates. This indicates that even under complicated 
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antibiotic treatment conditions, bacterial communities can still manage to survive, creating 



















Figure 2.8 Antibiotic as a Selection Force for Spatial Structure Formation. (A)(B)(C)(D) 
show overlay images, green channel images, red channel images and brightfield images of 
colony structures established by four kinds of synthetic conjugation microbial consortia under  
C Overlay  Green  Red  Brightfield  Antibiotic:Tet+Cm+Kan  
Antibiotic:Tet+Cm  A Overlay  Green  Red  Brightfield  
B Antibiotic:Tet+Kan  Overlay  Green  Red  Brightfield  
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Figure 2.8 (cont.) 
different antibiotic selection conditions. Experiment results confirmed that antibiotics regulate 
the formation of bacterial communities’ spatial structure patterns. (A) Example colony structures 
of four types of conjugation microbial consortia on plates with tetracycline + chloramphenicol. 
All colonies show red fluorescence color, indicating the dominance of receiver cells. Receiver 
strains can survive well owe to their tetracycline and chloramphenicol resistance genes. (B) 
Example colony structures of four types of conjugation microbial consortia on plates with 
tetracycline + kanamycin. All colonies show green fluorescence color, indicating the presence of 
donor cells on agar plates. Donor strains possess tetracycline and chloramphenicol resistance 
genes, therefore dominating the plates.  (C) Example colony structures of four types of 
conjugation microbial consortia on plates with tetracycline + chloramphenicol + kanamycin. 
Cells remaining on the agar plates are conjugant cells that are resistant to all three kinds of 
antibiotics. Images were captured using V16 microscope after 36 hours of colony growth. Scale 
bar is 5mm. Donor strains and receiver strains are mixed in 1:1 ratio, diluted to OD 1, dropped as 











In addition, under four types of antibiotic selection forces (Tet, Tet+Cm, Tet+Kan, 
Tet+Cm+Kan), we observed the spatial dynamics of the four kinds of conjugation microbial 
consortia over the course of 5 days. Images taken at 12 hours, 36 hours, and the 5th day are 
shown (Figure 2.9). On agar plates with only tetracycline, four conjugation consortia exhibit 
different colony range expansion dynamics over the course of 5 days. With both donors and 
receivers being MG1655, or both donors and receivers being EPI300, conjugation happens along 
with range expansions. Initially conjugated cells that are from the center motherland experience 
their own range expansion dynamics. At the same time, conjugated cells are newly formed while 
during the process when donor cells and receiver cells are reaching outward, forming sectors. On 
the contrary, there are not much conjugation activities when there is isolation of donor and 
receiver cells. When the donors are EPI300 and receivers are MG1655, or MG1655 serve as 
donors and EPI300 serve as receivers, the expanding fronts are dominated by only one species. 
Conjugation does not further happen along with range expansion due to the isolation of donor 
and receiver cells.  In the motherland, the center yellow circular region, there are still conjugant 
cells. However, they cannot spread with range expansion, because they do not surf to the 
expanding fronts, thus losing their chances to further pass to other species.  On agar plates with 
antibiotics, colonies experience dynamics as discussed for Figure 2.8. 
There are also emerging gray regions on colonies, as an indication of loss of plasmids by 
MG1655 strains. EPI300 strains have the gfp gene and the rfp gene integrated on chromosome, 
therefore presenting stable fluorescence colors. (Table 5.1) To confirm our hypothesis, we 
conducted control experiments, observing the plasmid stability on single-strain colonies over a 
five-day time course. (Table 5.2) Gray regions also emerge on single-strain colonies, as an 
indication of plasmid loss. If cells lose their plasmid, they cannot produce fluorescence proteins, 
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thus leaving the cells with no fluorescence color. Compared to donor strains and receiver strains, 
conjugant strains experience more complicated and interesting dynamics. Conjugant cells can 
change from yellow color (with both G plasmids and R plasmids) to green color (with only G 
plasmids) or to red color (with only R plasmids). The control tests explain the emergence of gray 
regions during Colony Range Expansion Experiments (Methods), and also further illustrate the 
complex dynamics the conjugation microbial consortia experience. Cells can be converted from 
receiver cells to conjugant cells first, and after losing plasmids, again be converted to receiver 
cells or donor cells. The stability of plasmids is another factor that affects the behaviors of cells 
on antibiotic selection plates. 
To ascertain that the conjugations are not limited to a specific experimental setting, we 
systematically varied the initial conditions of the Colony Range Expansion Experiments 
(Methods). Donor strain MG1655+G(Kan)+H(Tet) and receiver strain MG1655+R(Cm)+H(Tet) 
were mixed in 1:1 ratio, diluted to different initial ODs (OD=1, 10E-1, 10E-2, 10E-3, 10E-4) and 
observed in a four-day time course. Results confirmed the occurrence of conjugation regardless 
of initial seeding densities. (Figure 2.10) Under different initial density, microbial consortium, 
however present different spatial structures. At high initial ODs (OD=1, 10E-1, 10E-2), donor 
cells and receiver cells have high chances to contact each other for conjugation to happen. 
Therefore, the spatial structures have yellow motherlands in the center of the colony, where 
donors and receivers initially meet and conjugate. Along with colony expansion, cells also get 
conjugated between the intercepting regions of red and green sectors. At lower ODs (OD=10E-3, 
10E-4) however, donor cells and receiver cells experience spatial dynamics more similar to the 
latter part of conjugation events of high OD colonies. Only when donor sectors and receiver 
























Figure 2.9 Range Expansion Dynamics of Four Kinds of Microbial Consortium under 
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Figure 2.9 (cont.) 
under four kinds of antibiotic selection conditions. Donor strains and receiver strains were mixed 
in 1:1 ratio, diluted to OD 1, dropped as a 1 microliter droplet on 1% agar plates that were 
supplemented with different antibiotics, and imaged at different time (at 12 hour, 36 hours and 
day 5). (A) Corresponds to the 12-hour images. (B) Corresponds to the 36-hour images. (C) 
Corresponds to the day 5 image.  Under Tet antibiotic (Column 1) treatments, with both donors 
and receivers being MG1655, or both donors and receivers being EPI300, (Column 1, Row 1 and 
Column 1, Row 4) conjugation happens along with the range expansion process of donor cells 
and receiver cells. At the same time, the initially conjugated cells also go through range 
expansion dynamics. When the donors and receivers are EPI300 and MG1655 (Column 1, Row 
2) or MG1655 and EPI300 (Column 1, Row 3), expanding fronts are dominated by only one 
species, due to the isolation of donor and receivers. Under Tet+Cm (Column 2) and Tet+Kan 
(Column 3) conditions, there colonies are almost all in red color or all in green color. This might 
because no conjugant event succeeded before the one of the donor species or receiver species got 
killed. Or, the conjugant cells were too less to be directly detected. Based on the founder takes all 
effect, strains that are favored by their antibiotic resistance genes will quickly occupy the space.  
On Tet+Cm+Kan plates (Column 4), conjugant cells expand in size during the five-day time 
course. On all the images, the gray regions on colonies are due to the loss of plasmids by 
























Figure 2.10 The Initial Density and Range Expansion Dynamics. Donor strain 
MG1655+G(Kan)+H(Tet) and receiver strain MG1655+R(Cm)+H(Tet) were mixed in 1:1 ratio, 
diluted to different ODs (1, 10E-1, 10E-2, 10E-3, 10E-4) and dropped as a 1 microliter droplet 
on 1% LB agar plates (with Tet), and imaged in four days. With different initial seeding OD, 
which determines the initial cell-cell interaction distance, colonies show different range 
expansion structures. At high initial ODs (OD=1, 10E-1, 10E-2), spatial structures form yellow  
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Figure 2.10 (cont.) 
motherlands in the center of the colony, where donors and receivers initially meet and conjugate. 
Along with colony expansion, cells also get conjugated between the intercepting regions of red 
and green sectors. At lower ODs (OD=10E-3, 10E-4) however, donor cells and receiver cells 
experience spatial dynamics more similar to the latter part of conjugation events of high OD 
colonies. Only when donor sectors and receiver sectors reach each other, conjugation could 
happen. This explains why conjugation could be suppressed in spatial structured populations. 
Donor cells and receiver cells are isolated initially at low ODs, while high initial OD 
environment is more similar to liquid condition where donor cells and receiver cells are free to 
meet with each other from all directions. For example, at OD 10E-4, there were not conjugated 
cells at day 1, but later through colony expansions, when donor cells and receiver cells reach 














CHAPTER 3: DISCUSSION 
The importance of microbial communities’ spatial dynamics cannot be overemphasized. 
However, we are still uncertain what determines, controls and regulated the spatial dynamics of 
microbial populations. With an enhanced understanding of the driven factors of the spatial 
dynamics, our ability to predict and manage the functions of these highly complex, dynamically 
changing communities will be greatly improved. Our results demonstrate that the social 
interactions and horizontal gene transfers interaction are critical factors that determine spatial 
structures of microbial communities. Although natural communities are considerably more 
complex than our engineered systems, the lessons learned from this work may provide insight for 
researchers in the ecology and microbiome engineering field. Using synthetic biology as the 
method also enables us to establish synthetic ecosystems with more predictability and 
controllability. Therefore, we are able to systematically study how social interactions and 
horizontal gene transfers act as determinants of the spatial dynamics of microbial consortia.  
Although the effects of social interactions and horizontal gene transfers have been systematically 
investigated on this study, our spatial settings are only limited to agar plate settings. Using our 
synthetic microbial consortia, we can research on more complicated spatiotemporal dynamics if 
using, for example, microfluidic device settings. We can also further investigate multiple other 
factors, for example, how the motility difference of cells used in our system would alter their 
conjugation dynamics. An improvement in experiment settings could also enable researcher to 
directly tackle real-world problems, for example biofilms and antibiotic resistance. Biofilm 
infections have been shown to be notoriously more resistant to antibiotic treatment than well-
mixed planktonic cultures. [47] By studying biofilms spatial dynamics, we have the potential to 
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regulate its function, for example, by eliminating biofilms we will be able to kill those bacteria 
that are now resistant to antibiotic. 
Last, integrating experimental work with modelling is of great necessity. There are successful 
examples where model-experiment integrations can provide great insights into the fundamentals 
of microbial communities’ spatial dynamics. [48][49] It could boost our understanding of the 
spatial dynamics of microbial consortia to a more systematic and quantitative level, so that we 
can make specific practical suggestions on how to control and regulate the spatial dynamics. For 
example, in this study, if images were analyzed by computational work, we would have been 
able to interpret the dynamics of each populations and the efficiency of conjugations over 
different conditions. How interaction topology, initial cell-cell distance, difference in 
conjugation strains, antibiotic selection work simultaneously and additively on the microbial 
communities’ spatial structures could also be studied.  If we are capable of inferring a network of 
driven factors of microbial communities’ spatial dynamics, the network will be highly valuable 
for design, construction, and optimization of microbial ecosystems, thereby providing methods to 











CHAPTER 4: MATERIALS AND METHODS 
Strains and Growth Conditions  
Strains used in this study are all listed in Table 5.1. Lactococcal strains were cultured in M17 
medium with 0.5% glucose (GM17) at 30 °C. E. coli strains were grown in LB medium at 37°C 
in the shaking incubator. Plasmids were extracted using Thermo Fisher Genejet Plasmid 
Miniprep Kit from the corresponding E.coli MG1655 strains and transformed into E.coli EPI300 
strains. Specifically, G and H plasmids were extracted from MG+G(Kan)+H(Tet) strains and 
transformed into EPI-G strains. R and H plasmids were extracted from MG+R(Cm)+H(Tet) 
strains and transformed into EPI-R strains. Conjugation strain MG+G(Kan)+R(Cm)+H(Tet) was 
obtained by conjugation of MG+G(Kan)+H(Tet) and MG+R(Cm)+H(Tet). EPI-
R+G(Kan)+R(Cm)+H(Tet) was obtained by conjugation of EPI-G+G(Kan)+H(Tet) and EPI-
R+R(Cm)+H(Tet). Antibiotics were added when needed: chloramphenicol (100 µg ml−1), 
kanamycin (50 µg ml−1) and tetracycline (20µg ml−1) for E.coli and chloramphenicol 
(5 µg ml−1) for L. lactis. 
Conjugation Experiment  
Overnight (16 h) cultures (3 ml LB media with appropriate selecting agents, density of ∼1 × 109 
c.f.u. ml−1) were resuspended in M9 medium. MG+G(Kan)+H(Tet) and MG+R(Cm)+H(Tet) 
were mixed in a 1:1 ratio to a final volume of 800 µl. Mixtures were incubated at room 
temperature (25 °C) for 1 h without shaking. The tube was centrifuged at 3000rpm for 2 minutes, 
and supernatant was decanted. All the cells were later plated on 2% LB agar plates (with Kan, 
Cm, Tet). After overnight growth, the colonies on plates were conjugant cells. E.coli EPI300 
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conjugant strain EPI-R+G(Kan)+R(Cm)+H(Tet) was derived by EPI-G+G(Kan)+H(Tet) and 
EPI-R+R(Cm)+H(Tet) following the same protocol.  
Whole Plate Experiments 
The experiments were done using A, B, K, B’, K’ strains, as mentioned in Table 5.1. Strains 
were growth separately overnight in M17 medium with 0.5% glucose (GM17) at 30 °C. After 
overnight growth, strains were centrifuged and washed with fresh MG17 for three times. 
Individual strains cultures were diluted into different ODs, then strains (A: B: K, A: B: K’, A: 
B’: K, A: B’ K’) were then mixed in 1:1:1 ratio and vortexed. Cell mixtures of a volume of 600 
microliters were plated onto 1% agar plates (with Cm) by hand shaking to make sure all the areas 
on agar plates were covered with cell cultures uniformly. After the plates were air-dried in 
cabinet for 30 minutes (No liquid on cell surface at this point), they were incubated at 30°C 
overnight and later imaged under GE Healthcare LAS 4010 Luminescent Gel Imager. 
Colony Range Expansion Experiments  
MG+G(Kan)+H(Tet), MG+R(Cm)+H(Tet), EPI-G+G(Kan)+H(Tet) and EPI-R+R(Cm)+H(Tet) 
strains were separately grown overnight (16 hours) in LB media with appropriate antibiotics 
Tet+Kan for MG+G(Kan)+H(Tet) and EPI-G+G(Kan)+H(Tet), Tet+Cm for EPI-
R+R(Cm)+H(Tet) and MG+R(Cm)+H(Tet). Then, cells were then diluted to specific initial ODs. 
Donor cells and receiver cells were mixed in 1:1 ratio and 1 microliter mixture droplets were 
dropped on 1% agar plates. Incubating for different hours, colonies were imaged using a Zeiss 
Axio Zoom V16 microscope with an AxioCam HRm camera. All LB agar plates were 
supplemented with IPTG (1mM) and appropriate antibiotics when needed: chloramphenicol 
(100 µg ml−1), kanamycin (50 µg ml−1) and tetracycline (20µg ml−1). 
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CHAPTER 5: SUPPLEMENTARY MATERIALS 
 
Table 5.1 Strains and plasmids used in this study. 
 
Name Strain Description  Source  
A L.LactisNZ9000 Producing only arfa peptide of 
LcnG. Cm resistance. With 
Kate2 fluorescence. 
Liu,F. 
B L.LactisNZ9000 Producing only beta peptide of 
LcnG. Cm resistance. With gfp 
fluorescence. 
Liu,F. 
K L.LactisNZ9000 Producing LcnA.  
Cm resistance.  
Liu,F. 
B’ L.LactisNZ9000 B strain with beta gene knocked 
out. No longer produce beta 
peptide of LcnG. Cm resistance. 
With gfp fluorescence. 
Liu,F. 
K’ L.LactisNZ9000 K strain with LcnA gene 
knocked out. No longer produce 







Table 5.1 (cont.) 
 
MG+G(Kan)+H(Tet) E.Coli MG1655 Strain containing IPTG 
inducible copy of GFP with oriT  
sequence and kanamycin 
resistance gene on the G plasmid 
and the H helper plasmid that 
contains conjugation modules 
and tetracycline resistance gene. 
This strain was used as a donor. 







MG+R(Cm)+H(Tet) E.Coli MG1655 Strain containing Tet inducible 
copy of mCherry and 
Chloramphenicol resistance 
gene on the R plasmid and the H 
helper plasmid that contains 
conjugation modules and 
tetracycline resistance gene. 
This strain was used as a 










Table 5.1 (cont.) 
MG+R(Cm)+G(Kan)+H(Tet) E.Coli MG1655 Strain containing the G plasmids 
from MG+G(Kan)+H(Tet), H 
helper plasmids and R plasmids 
from MG+R(Cm)+H(Tet). 
 This strain is the conjugant. 
Cm, Kan and Tet resistance. 
This 
Study 
EPI-G+G(Kan)+H(Tet) E.Coli EPI300 EPI300 lacZ:: PJ23119-
yemGFP; PJ23119-yemGFP 
integrated into lacZ locus of 
EPI300. With G(Kan) and 
H(Tet) plasmids inserted. 
This 
Study 
EPI-R+R(Cm)+H(Tet) E.Coli EPI300 EPI300 lacZ:: PJ23119-mKate2; 
PJ23119-mKate2 integrated into 
lacZ locus of EPI300.  
With R(Cm) and H(Tet) 
plasmids inserted.   
This 
Study 
EPI-R+R(Cm)+H(Tet) E.Coli EPI300 EPI300 lacZ:: PJ23119-mKate2; 
PJ23119-mKate2 integrated into 
lacZ locus of EPI300.  
With G(Kan), R(Cm) and 
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